Interspecific gene flow is pervasive throughout the tree of life. Although detecting 2 gene flow between populations has been facilitated by new analytical approaches, 3 determining the timing and geography of hybridization has remained difficult, 4 particularly for historical gene flow. A geographically explicit phylogenetic 5 approach is needed to determine the ancestral population overlap. In this study, 6 we performed population genetic analyses, species delimitation, simulations, and a 7 recently developed approach of species tree diffusion to infer the phylogeographic 8 history, timing and geographic extent of gene flow in lizards of the Sceloporus 9 spinosus group. The two species in this group, S. spinosus and S. horridus, are 10 distributed in eastern and western portions of Mexico, respectively, but 11 populations of these species are sympatric in the southern Mexican highlands. We 12 generated data consisting of three mitochondrial genes and eight nuclear loci for 13 148 and 68 individuals, respectively. We delimited six lineages in this group, but 14 found strong evidence of mito-nuclear discordance in sympatric populations of S. 15 spinosus and S. horridus owing to mitochondrial introgression. We used 16 coalescent simulations to differentiate ancestral gene flow from secondary contact, 17 but found mixed support for these two models. Bayesian phylogeography 18 indicated more than 60% range overlap between ancestral S. spinosus and S. 19 horridus populations since the time of their divergence. Isolation-migration 20 analyses, however, revealed near-zero levels of gene flow between these ancestral 21 populations. Interpreting results from both simulations and empirical data 22 indicate that despite a long history of sympatry among these two species, gene 23 flow in this group has only recently occurred.
Introduction
The topic of hybridization, or gene flow between evolutionary independent included individuals with >0.90 posterior probability for belonging to one population).
Each gene was given its own partition and analyzed under the uncorrelated lognormal 225 molecular clock with the preferred substitution model as mentioned above. Analyses 226 were run for 3x10 8 generations, logging every 2x10 4 steps, and convergence was assessed 227 in Tracer v1.5 . 228 We selected the best species delimitation model through Bayes factor (Bf) analysis 229 of the path sampling ("PS") and stepping stone ("SS") marginal likelihood estimates 230 (Baele et al 2012; Grummer et al 2014) . Previous research has shown that PS and SS 231 marginal likelihood estimates are much more accurate at estimating the marginal 232 likelihoods of models over harmonic mean estimation Xie et al 2011; 233 Baele et al 2012; Grummer et al 2014) . Briefly, PS and SS marginal likelihood samplers 234 estimate the marginal likelihood in a series (either a continuous path or a broken path 235 of "stepping stones") that bridges the posterior and prior distribution of a model. In 236 this way, the influence of the prior information is accounted for and the marginal 237 likelihood is not overestimated. All models were compared against each other within 238 the two datasets ("All Samples" and "Core Samples"), and the top model is considered 239 significantly better than the rest if the Bf value (= twice the difference in marginal 240 likelihood estimates) is greater than 10 (Kass & Raftery 1995) .
241

Temporal Estimation of Gene Flow
We performed simulations to discern whether gene flow occurred amongst 242 ancestral (i.e., divergence with gene flow) or extant populations (i.e., secondary 243 contact). To determine when gene flow occurred in the S. spinosus group, we used the 244 genealogical sorting index (gsi; Cummings et al 2008) . The gsi is a statistic that 245 estimates the degree of exclusive ancestry of individuals in labeled groups on a rooted 246 tree and is a statistically more powerful measure of population divergence than F S T 247 (Cummings et al 2008) . The gsi statistic can range from 0 to 1, where the maximum 248 value of 1 is achieved when a group is monophyletic, and is normalized to account for 249 disparities in group sizes while also accommodating unresolved relationships (i.e., 250 polytomies). Although genealogical exclusivity is a function of the sorting of ancestral 251 polymorphisms, allele sharing could also be due to the extent and timing of migration 252 events. We therefore modeled migration scenarios and performed coalescent simulations 253 to test models of divergence with gene flow vs. 2 • contact, which have explicit 254 expectations about the timing of migration events.
255
Coalescent simulations were performed in the program MCcoal (Rannala & Yang 256 2003; Yang & Rannala 2010) . In our simulations, we used a symmetric migration 257 matrix and held the migration rate constant at 1 N e m (0.5 N e m in each direction, 258 where N e m equals the product of the effective population size and the migration rate 259 per generation), but varied the migration start and end times (Fig. 2 ). We used a 260 migration rate of 1 N e m because this is the maximum rate of migration allowed between 261 populations until they are considered separate species by some researchers (Porter 1990; 262 Hey 2009). We therefore consider this rate a minimum when modeling interspecific horridus and two lineages of S. spinosus (Scenario E; Fig. 2e ). We restricted our 274 simulations of gene flow to these models because the mtDNA clade showing admixture 275 was comprised only of individuals from these three populations. 276 We simulated 10,000 gene trees under each model, then calculated a gsi value for 277 each group within each gene tree in the "genealogicalSorting" R package (using the in the nDNA led to high variability in GSI values for each nuclear locus that were 281 difficult to interpret. To account for phylogenetic uncertainty in the empirical data, we 282 calculated a single ensemble gsi value (a weighted sum of gsi values from each tree in the 283 posterior distribution) for the mtDNA for each population on a posterior distribution of 284 8,000 trees inferred in MrBayes (v3.2; Ronquist and Huelsenbeck 2003) . For the 285 MrBayes analysis, we partitioned the dataset by codon for protein-coding genes (one 286 12S partition, three partitions each for CytB, and four partitions for ND4 including the 287 tRNA coding sequence) and assigned each the best substitution model determined in 288 jModelTest v2 (Darriba et al 2012; Guindon & Gascuel 2003) . We ran two analyses for 289 10 7 generations, sampling every 2000 steps, and discarded the first 20% as burn-in 290 (determined by visual examination in Tracer v1.5 .
291
To assess the probability that the empirical mtDNA gsi values are different from 292 the gsi values from the simulated trees, we calculated the frequency of simulated gsi 293 values that were in the tail of the distribution beyond the empirical value; we compared 294 all gsi values from the simulations to our empirical dataset (e.g., all simulation values 295 were "accepted"). These values could therefore be interpreted as one-half of the p-value 
Estimation of Nuclear Gene Flow
We estimated ancestral and contemporary levels of gene flow in the program IMa2 sampling has been performed randomly. We did not include the mtDNA in this analysis 306 because of the difficulty in assigning mtDNA haplotypes to nuclear-based species that 307 are paraphyletic in the mtDNA tree. We performed analyses on three separate datasets, where the user-specified topologies were based on our empirical species tree estimate 309 (see below): (1) only S. horridus populations (=3 extant populations), (2) only S. 
Bayesian Phylogeographic Analysis
We utilized Bayesian phylogeography (Lemey et al 2009 (Lemey et al , 2010 to determine the 329 temporal and geographic extent of overlap, and therefore the possibility of introgression, 330 between the populations comprising the "admixed" mtDNA clade. We utilized a 331 method that was recently developed by Nylinder et al (2014) that applies the relaxed 332 random walk (RRW) continuous phylogeographic approach (Lemey et al 2010) to relax 333 the assumption of geographic rate diffusion homogeneity across branches in the species 334 tree. This method follows a two-tiered approach in the program BEAST (Drummond & then subsequently used in an RRW analysis. To generate the species tree, we used
Results
Taxon Sampling
We generated mtDNA data for 74 S. horridus, 74 S. spinosus, and four S. flow), were similar to (but all less than) those reported for the model with no gene flow (Smith 1939; Frost 1978; Smith & Chiszar 1992) . Sampling localities with bold rings indicate specimens that have been amplified for nDNA in addition to mtDNA, whereas samples with a light ring have only mtDNA. The designation (i.e., color) of nDNA samples was based on Geneland assignments (3 inferred populations for each species), and the designation of mtDNA samples to subspecies was based on morphological characters. The Rio Ahuijullo Basin in southwestern Mexico is indicated with a dark line, and the approximate location of the Transvolcanic Belt is shown with a dashed line. Also shown are the concatenated mt-and nDNA trees inferred from RAxML, where values at nodes represent bootstrap (bs) proportions. Note the mixed clade of S. horridus and S. spinosus in the mtDNA tree, in addition to the contrasting phylogenetic placement of S. edwardtaylori between mt-and nDNA trees. (6) n=8 (5) n=15 (8) n=21 (17) n=8 (4) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5 0.00 0.21 0.10 0.05 0.04 0.02 0.01 0.01 0.01 0.01 6 0.00 0.68 0.67 0.60 0.52 0.45 0.38 0.31 0.27 0.22 7 0.00 0.10 0.21 0.30 0.37 0.41 0.45 0.46 0.46 0.45 8 0.00 0.00 0.02 0.05 0.07 0.11 0.15 0.19 0.22 0.26 9 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.03 0.05 0.06 10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 1 Results from the analysis with a k prior of 1 were unstable and reported a posterior probability of 1.0 for 68 populations Table 3 : Results from Bayes Factor Delimitation of species (BFD) analyses. Path sampling ("PS") and stepping stone marginal likelihood estimates were very similar, so we only show the PS results here. The Bayes Factor value represents two times the difference in marginal likelihood estimates between each model and the top model ("6 pop"). See Materials and Methods section for the composition of each species delimitation model. Table 4 : Gsi values for both empirical (mtDNA) and simulated datasets for all scenarios modeled (see Fig. 2 ). Northern, central, and southern populations are denoted by "N", "C", and "S", respectively. Numbers in parentheses indicate the frequency of simulation results more extreme than the empirical gsi value. Table 5 : Significant results from the isolation-migration (IMa2) analyses. Values given are in 2Nm per generation, and N/As indicate that no significant migration estimates were reported for that model (e.g., 3-population or 6-population model). Northern, central, and southern populations are denoted by "N", "C", and "S", respectively. Common ancestors of two lineages are indicated with an underscore ( ) between daughter lineage population numbers (e.g., horridus N C is the common ancestor of northern and central S. horridus populations). Asterisks indicate significance levels for the Nielsen & Wakeley (2001) test.
Lineage 3-population 6-population Models Model Extant horridus N ->horridus S 0.132*** 1 0.167*** horridus S ->horridus C 0.124* N/A spinosus C ->spinosus S 0.197* N/A horridus S ->spinosus N N/A 0.024* Ancestral horridus N C ->horridus S 3.537* N/A spinosus N ->spinosus C S N/A 0.605* 1 *p<0.05; ***p<0.001
